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Abstract Infrared and Raman spectra of cristobalite are
presented as a function of temperature through the
phase transition. The modes are assigned and the as-
signments compared to those of earlier workers. The
compatibility of modes at the C-point of the a-phase
with the X and C-points of the b-phase is given. In the
transition region of ca. 500–550 K, smooth changes in
intensity, frequency and linewidths are seen in many
modes, indicative of coexistence of a- and b-forms.
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Introduction

Cristobalite is the thermodynamically stable phase of
silica above 1743 K and, like quartz, its structure con-
sists of an infinite, three-dimensional framework of
corner-bonded tetrahedra. Because the reconstructive
transitions to tridymite and quartz are so slow, cristo-
balite exists in a metastable state below 1743 K. At
ambient pressures cristobalite undergoes a highly dis-
continuous structural phase transition at Ttr » 540 K,
but the precise temperature of this transition is strongly

dependent on the sample history. The high-temperature
b-phase has cubic symmetry, Fd3m ðO7

hÞ, and the low-
temperature a-phase is tetragonal, P41212 ðD4

4Þ (Schmahl
et al. 1992). The volume of the a-phase is roughly half
that of the b-phase, consistent with a zone boundary
instability. Moreover, there is a large difference in the
value of Ttr on heating and cooling, and a temperature
interval where both phases coexist, making the definition
of a sharp transition temperature difficult.

A number of recent papers have been concerned with
the phase transition in cristobalite. These include the
papers of Hatch and Ghose (1991), Schmahl et al. (1992)
and Swainson and Dove (1993a,b, 1995) mentioned
above. In addition, NMR studies (Spearing et al. 1992;
Phillips et al. 1993) and electron diffraction studies (Hua
et al. 1988; Welberry et al. 1989; Withers et al. 1989)
have been reported.

Several early papers were written on the Raman and
infrared (IR) spectra of cristobalite, but most of the
spectra were taken at isolated temperatures, e.g., Simon
and McMahon (1953), Gaskell (1967) and Plendl et al.
(1967). Later spectroscopic studies (Bates 1972; Etche-
pare et al. 1978; Cherukuri et al. 1985) were mostly
concerned with mode assignment at room temperature,
although Bates (1972) presented results of Raman scat-
tering experiments at several temperatures, including
temperatures in the b-phase. Hua et al. (1989) per-
formed detailed lattice dynamics calculations,
determined the eigenvectors of the normal modes of
b-cristobalite, and also reviewed mode assignments in
the IR and Raman. Finnie et al. (1994) reported variable
temperature IR emission spectra of cristobalite and re-
lated compounds. A study of the pressure dependence of
the Raman spectra of a-cristobalite and the transition to
the high-pressure phase was reported by Palmer et al.
(1994). This has also been studied by diffraction by Dove
et al. (2000).

In this paper we present a combined analysis of
variable temperature IR absorption and Raman scat-
tering spectra of powdered cristobalite in much finer
detail than has been published before at temperatures
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from 5 to 600 K. We also present a symmetry analysis of
the IR- and Raman-active modes and compare it to
those of earlier workers. This symmetry analysis incor-
porates the full decomposition at the C-point of a-cris-
tobalite and the C- and X-points of b-cristobalite. As the
X-point is the soft zone boundary point governing the
a–b transition in cristobalite; this allows one to map all
C-point modes in a-cristobalite to C- and X-modes in
b-cristobalite.

In the text we will refer to the different modes by their
frequency at low temperature with their symmetry in
parentheses. In some cases we will also include the cor-
responding symmetry in the high-temperature b-phase.
In the few cases where there is any ambiguity in the
symmetry of a mode in either phase, the possible sym-
metries will be displayed by a ‘‘/’’. For example, the
mode at 276 cm)1 has E symmetry in the a-phase and X1

or X2 symmetry in the b-phase, and we will write it as
either 276 cm)1 (E) or 276 cm)1 (E « X1/X2).

Spectroscopy and phase transitions

Soft modes

There are two principal effects of a structural phase
transition on the spectra observed in an IR absorption
or Raman scattering experiment. The first is the occur-
rence of a soft mode, which is seen as one or more mode
frequency that falls to zero at the transition temperature
of a second-order phase transition, or which tends to-
wards zero for a first-order phase transition. The soft-
ening of the mode frequency implies a softening of the
restoring force against a corresponding static distortion
of the structure. On cooling below the transition tem-
perature the soft mode will increase in frequency. Soft
modes are generally associated with phase transitions
that are in the displacive limit, where there are long-
range correlated atomic motions. Although soft modes
have been observed in association with many phase
transitions in ionic materials, there have been hardly any
observations of soft modes in aluminosilicates – quartz
appears to be the only case where a soft mode has been
unambiguously characterized in both phases (Shapiro
et al. 1967; Dolino et al. 1992). In the case of cristoba-
lite, if a soft mode exists in the b-phase, it has a wave
vector on the surface of the Brillouin zone at (0,0,1),
labelled as the X-point (Zak 1969). Due to the nature of
Raman scattering and IR absorption, only modes at the
zone centre can be measured, and therefore any soft
mode will be observed only in the spectra of the a-phase.

Hard modes

Whereas many spectroscopic studies of structural phase
transitions have focused on the search for soft mode
behaviour, information may also be extracted from the
temperature dependence of high-frequency modes, the

so-called hard modes (Salje 1992). The theory of hard
mode IR and Raman spectroscopy has been described in
detail by Petzelt and Dvorak (1976a,b). A somewhat
simpler description of hard mode behaviour has been
given by one of us (Dove 1993; Dove et al. 1993).

It is often claimed that IR and Raman spectroscopy
probe local interactions. This is because associated with
any phonon mode is a coherence length, and for many
hard modes the coherence length can be quite short.
Because of this short coherence length, if b-cristobalite
consisted of an average of domains of the a-phase, the
phonon peaks that are symmetry-allowed in the a-phase
should persist as sharp peaks in the Raman and IR
spectra of the b-phase. For example, experiments on
quartz have shown that modes that are not allowed to be
IR-active according to the symmetry of the high-tem-
perature phase disappear on heating above Ttr, indicat-
ing that the high-temperature phase is not simply an
average over domains of the low-temperature phase
(Salje et al. 1992). This point is not always fully appre-
ciated, owing to the existence of a peak in the Raman
spectra that persists in the high-temperature phase but
which had been assigned a symmetry that should be
Raman-inactive (Shapiro et al. 1967). The problem was
resolved by recognising that this peak is actually a two-
phonon peak that interacts with the soft mode (Scott
1968). There is recent evidence (Finnie et al. 1994) that
at least one such two-phonon process is present in the
spectra of cristobalite.

Rigid unit modes

General comments

Rigid unit modes (abbreviated RUMs) are normal
modes that propagate without distortion of the SiO4

tetrahedra (Vallade et al. 1992; Dove et al. 1992, 1993;
Giddy et al. 1993; Dove et al. 1995; Hammonds et al.
1996), and subsequently can have relatively low fre-
quencies. For this reason RUMs are natural candidates
as soft modes for displacive phase transitions in silicates,
and in quartz the role of the RUMs as soft modes has
been analyzed in some detail both theoretically (Tautz
et al. 1991; Vallade et al. 1992) and experimentally
(Dolino et al. 1992).

The possible existence of low-frequency modes in a
framework silicate may be seen to arise by the descrip-
tion of the network in terms of a model potential of the
form (Thorpe 1983; Swainson and Dove 1993a):

V ¼ 1

2

X

hiji
aijDr2ij þ

1

2

X

hijki
bijkD#

2
ijk ; ð1Þ

where aij and bijk are the intratetrahedral Si–O bond-
stretching and O–Si–O bond-bending force constants,
respectively. In this model there are no intertetrahedral
terms governing the Si–O–Si angle. Strong intratetra-
hedral restoring forces and negligible intertetrahedral
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interactions lead to an approximation where the SiO4

tetrahedra may be treated as rigid units whose mutual
orientations are nearly independent. The concept of
RUMs arises naturally from this approximation as re-
sidual degrees of freedom in the framework – the RUM
solutions to the corresponding phonon equations will
have exactly zero frequency (Thorpe 1983; Giddy et al.
1993; Swainson and Dove 1993a). While this model
potential is very simple, in more realistic potentials
RUMs become external modes that are low but not
precisely zero in frequency.

Rigid unit modes in cristobalite

The set of RUMs in the b- and a-phases of cristobalite
has been previously determined (Dove et al. 1992, 1993;
Giddy et al. 1993) and are given in Tables 1 and 2. All
crystals with a well-defined unit can be considered to
have rigid unit modes at k ¼ 0 as the acoustic modes
always move all the atoms in phase at this limit. What is
of interest is the additional low-frequency optic modes in
framework silicates which occur throughout the Brill-
ouin Zone. Table 1 shows that there are RUMs for whole
planes of wavevectors (Q2) in reciprocal space in the
b-phase. The other lines and points are geometrical
projections of these planes in the Brillouin zone. We have
previously proposed that presence of so many RUMs in
b-cristobalite causes phonon-induced dynamic disorder
within the structure (Swainson and Dove 1993a). Infra-
red and Raman spectroscopy are both limited tech-

niques, as they only give direct information about normal
modes with wavevectors close to the zone centre (k ¼ 0).
However, the presence of Q2 planes of RUMs in b-cris-
tobalite has very strong experimental evidence in the
form of the strong k-dependence of planes of diffuse
scattering measured by TEM (Hua et al. 1988; Withers
et al. 1989). The double-degenerate X4 RUM at k ¼ (0,
0, 1) has been identified as providing the instability for
the phase transition (Hatch and Ghose 1991; Dove et al.
1992, 1993; Giddy et al. 1993; Swainson and Dove
1993a). One might loosely call this the soft mode, to the
extent to which this concept is valid for disordered
crystals. The lowering of the symmetry in the a-phase
causes an increase in the number of independent con-
straints on the framework and hence the number of
RUMs is reduced (Swainson andDove 1993a). The plane
of RUMs is reduced to a single line in a-cristobalite (see
Table 2), corresponding to the one set of diffuse streaks
seen in TEM diffraction patterns of this phase (Hua et al.
1988; Withers et al. 1989). We note that there are, in fact,
more diffuse streaks than one could predict in a-cristo-
balite from the tabulation of pure RUMs of Table 2. In
fact, additional low-frequency modes called quasi-
RUMs or QRUMs also exist in many structures. Unlike
true RUMs, these modes always include a minor amount
of distortion of the tetrahedra and therefore have always
have a low, finite frequency, even in idealized structures,
which may cause diffuse scattering (Hammonds
et al.1996; Pryde et al. 1996).

The change in the number of low-frequency modes
caused by the symmetry change is demonstrated by a
measurement of S(|Q|, m) performed on powdered cris-
tobalite with the instrument TFXA at the ISIS source,
Rutherford Appleton Laboratory, UK. We use the
symbol S(|Q|, m), rather than S(Q, m), the usual symbol for
the scattering function or dynamic structure factor, be-
cause we are measuring parabolic |Q|-m sections from a
powder. As TFXA takes parabolic Q-m sections the

Table 1 Rigid unit modes in b-cristobalite. Superscripts on the left
hand side of the mode denote its degeneracy. The labelling of the
representations at high-symmetry, non-zone-centre points is that of
Zak (1969). The labelling of zone-centre representations is that of
Mulliken (Mulliken 1933; Bradley and Cracknell 1972)

Wavevector Rigid-unit mode

0,0,0 (G) T1u
a + T2u

0,n,0 (D) 2D3

n,n,n (L) 2L3 + L2

n,n,0 (S) S2

½ ½ ½ (L) L4 + L2

n,1, n (S) S2

0,1,0 (X) 2X4

n,n,f (Q) Q2

aT1u is an acoustic mode

Table 2 Rigid unit modes in a-cristobalite. Superscripts on the left
hand side of the mode denote its degeneracy. The labelling of the
representations at high-symmetry, non-zone-centre points is that of
Zak (1969). The labelling of zone-centre representations is that of
Mulliken (Mulliken 1933; Bradley and Cracknell 1972)

Wavevector Rigid-unit mode

0,0,0 (G) Aa
2 þ Ea þ B1

n,n,0 (e) 2e3
½,½,0 (M) 2M2

aA2 and E are acoustic modes

Fig. 1 TFXA spectrum of S(|Q|,m) of a- and b-cristobalite, showing
the dramatic increase in the number of low-frequency modes in the
b-phase caused by the symmetry change
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spectra do not represent a true density of states. However,
for RUMS, whose frequency is nearly independent of
wave vector (e.g., see lattice dynamics calculations ofHua
et al. 1989), it is a reasonable average. Figure 1 shows the
low-frequency part of the spectrum, displaying a dra-
matic increase in the number of modes below ca. 40 cm)1

in the b-phase as compared to the a-phase, showing the
origin of the additional disorder in the b-phase to be
phonon-induced (Swainson and Dove 1993a).

Experimental

Infrared spectroscopy

The IR absorption experiments reported here used a Bruker
113 v Fourier transform IR spectrometer in the Department of
Earth Sciences, University of Cambridge. Experiments were
performed in both the mid-infrared (MIR), in the region of ca.
500–5000 cm)1, and the far-infrared (FIR), the region of ca.
200–700 cm)1. The sources of radiation for these two regions of
the IR are, respectively, a graphite glowbar and mercury vapour
lamp.

The furnace used in the experiments consists of a Pt-wound
element encased in a water-cooled ceramic surround. A Pt–
Pt90Rh10 thermocouple was used to record the internal tempera-
ture. The maximum operating temperature of the furnace was
about 623 K. For the experiments performed below room tem-
perature, a Leybold closed-cycle liquid-He cryostat was used in
conjunction with a Leybold LTC 60 temperature controller, and
the sample was kept under vacuum with the use of a rotary pump.
Thermal stability was better than ±1 K.

The spectra were fitted using Voigt functions to describe the line
profiles. The peak positions, half widths and intensities reported
here have maximum errors of the order of ±0.2 cm)1, ±0.2 cm)1

and ±5%, respectively.

Raman spectroscopy

The Raman experiments were performed using a Coderg T800
spectrometer at the Department of Physics, University of Edin-
burgh. The light source in this laboratory consisted of a Coherent
Radiation Ar-laser Model 52, using a regulated DC ion laser power
supply.

The furnace was a large copper block with four optical win-
dows. The sample sat in the centre of the furnace in a vertical hole
with a large copper plug on top. Four heating elements were placed
into grooved slots in the copper. A Thor Model 3010II temperature
controller was used in conjunction with a back-up Variac-con-
trolled heater and a K-type thermocouple to measure furnace
temperatures. The temperature variation was much less than 0.5 K.

The experiments were performed with 900 scattering geometry,
and the laser was run at a nominal power supply of 400 mW under
constant light conditions. The laser was tuned to the green Ar
lasing line at 514.5 nm. The estimated error in frequency shift is
±2 cm)1 across the whole range.

Samples

The samples used in the IR and Raman spectroscopy studies were
prepared by devitrification of a silica glass supplied by Koch Light
Laboratories Ltd., with a quoted purity of 99.9999% SiO2. The
cristobalite was synthesised by devitrifying the glass at 1773 K for 3
days and quenching the product in water. For the IR experiments
the sample was ground using a mechanical mill for 15 min, and
then mixed with a matrix, which was formed into a pellet. The
matrix used in the MIR was KBr, and that in the FIR CsI.
The proportions of 1:500 and 1:250 sample: matrix were used for

the MIR and FIR experiments, respectively. The samples used in
the Raman experiments were ground manually rather than me-
chanically and the sample holder was a silica glass capillary of
diameter 0.5 mm.

Mode assignment

Group theory analysis of the normal modes in the a-phase
of cristobalite

The decomposition of the zone centre irreducible representations in
the a-phase is:

Ctotal
a ¼ 4A1 þ 5A2 þ 9E þ 5B1 þ 4B2 : ð2Þ

The acoustic modes transform as A2 + E, so that the total repre-
sentation containing only the optic modes is:

Coptic
a ¼ 4A1 þ 4A2 þ 8E þ 5B1 þ 4B2 : ð3Þ

The A1, B1 and B2 modes are Raman-active only, the A2 modes are
IR-active only, and the E modes are both Raman- and IR-active.
Thus, we expect 21 Raman-active modes and 12 IR-active modes, 8
of which are both Raman and IR-active. As noted by Etchepare
et al. (1978) and Cherukuri et al. (1985) most of the E-symmetry
bands are weak in the Raman spectra.

Relationship to the b-phase

The total decomposition of the zone centre representation of the
b-phase is:

Ctotal
b ¼ A2u þ Eu þ 3T1u þ T2u þ T2g : ð4Þ

The acoustic mode is of symmetry T1u so that the total decompo-
sition for the optic modes is:

Coptic
b ¼ A2u þ Eu þ 2T1u þ T2u þ T2g : ð5Þ

Of these, T2g is Raman-active and T1u is IR-active, and because the
cell is centrosymmetric, no modes are active in both spectra. There
are therefore only one Raman-active fundamental and two infra-
red-active fundamentals in the spectra of b-cristobalite. Etchepare
et al. (1978) give experimental data for the Raman-active modes,
and we have measured IR spectra in this phase. A Raman mode
was found at 777 cm)1 and IR modes were measured at 450 and
1087 cm)1. Our calculations, performed using an ideal structure for
the b-phase, indicate that there is a large TO/LO splitting of the T1u

modes, of the order of 100 and 180 cm)1, respectively. This is larger
than the splitting of the E and A2 modes in the a-phase.

The total decomposition at the X-point in b-cristobalite was
calculated using GROUP (Warren and Worlton 1974) and is given
by:

X total
b ¼ 3X1 þ X2 þ 2X3 þ 3X4 ; ð6Þ

where we use the labelling of Zak (1969). These modes become zone
centre modes in the a-phase.

The compatibility between the C- and X-point modes in the
b-phase and the C-point modes in the a-phase is given in Table 3.

Experimental data

A number of tabulations of the peaks in the Raman and IR spectra
of the a-phase of cristobalite have been published (Bates 1972;
Etchepare et al. 1978; Cherukuri et al. 1985).We present a tabula-
tion of the calculated mode frequencies of the various groups in
Table 4. The tabulation of the observed mode frequencies in Tables
4 and 5 excludes all modes for which there does not appear to be
adequate experimental evidence. Bates (1972) has observed 13
Raman-active modes at 77 K. Thus, 8 Raman-active modes have

356



not been seen. We exclude the reported Raman mode at 447 cm)1

(Cherukuri et al. 1985) as this is difficult to determine from ex-
amining their data.

We measured 11 IR modes at 31 K, with one mode absent.
Additional modes have been extracted from reflectance spectra of
other workers, but these spectra are difficult to interpret and we
believe that some of the modes are spurious. For example, the
reported mode at 1040 cm)1 (Cherukuri et al. 1985) is difficult to
substantiate.

Assignment of observed modes in the a-phase of cristobalite

There have been three previous but conflicting mode assignments
of the IR and Raman spectra of a-cristobalite. We will attempt to
use additional data and calculations to determine a new assign-
ment. Unfortunately, the fact that three irreducible representations
are Raman-active means that it is difficult to assign the modes using

Table 3 Compatibility diagram showing correlation between the
G- and X-point optic modes of the b-phase and those of the G-point
of the a-phase

b-phase a-phase

A2u fi B2

Eu fi A1 + B2

2T1u fi 2A2 + 2E
T2u fi E + B1

T2g fi E + B1

3X1 fi 3E
X2 fi E
2X3 fi 2A2 + 2B2

3X4 fi 3A1 + 3B1

Total 4A1 + 4A2 + 8E + 5B1 + 4B2

Table 4 Results of the normal-mode analysis at the zone centre
(frequencies in cm)1) and mode assignments for the a-phase of
cristobalite. Sanders and S denote our calculations using the model
of Sanders et al. (1984); Cherukuri and C the results from Cher-
ukuri et al. (1985); Etchepare those of Etchepare et al. (1978). The
results from each potential are ordered in terms of calculated fre-
quency. The seventh column gives the corresponding irreducible
representation in the b-phase, as referenced to the Sanders et al.
(1984) potential. The last two columns contain the experimental
values. They are paired with their assigned modes in the Sanders

column. The Raman data of the lowest B1 are from the room-
temperature measurements by Sigaev et al. (1999), and the rest are
from the 77 K data of Bates (1972). The infrared data are from our
measurements at 31 K. Unobserved modes are indicated by ‘‘—’’.
Uncertainties in the assignments are indicated in two ways: a fre-
quency that may be assigned to more than one possible symmetry is
given in brackets. One case where there are there are two candidate
modes for two symmetries is indicated by giving both frequency
values separated by a ‘‘/’’

Etchepare Cherukuri Sanders b IR Raman

B1 1189 B2 1195 A2 1121 T1u 1144
E 1137 E 1164 E 1077 X1/X2 1196 1193

Anti- A2 1089 E 1085 B2 944 A2u 1188 C ¼
symmetric B1 1084 A1 1066 E 927 T1u 1100 – A1 þ A2

Si–O–Si
stretch

E 1082 B1 1013 B1 925 X4 1076/
1086

þB1 þ B2

þE
A1 1081 A2 1008 A1 924 X4 1076/

1086

B2 770 E 773 E 822 T2g 797 796 G =
Symmetric A2 767 B2 756 A2 821 X3 – A2 + B1

Si–O–Si B1 767 B1 756 B2 815 X3 – +
stretch E 760 A2 709 B1 811 T2g 785 B2 + E

E 634 E 631 E 622 X1/X2 625 –

E 489 A2 495 A2 534 T1u 495 C and S
A2 488 E 458 E 441 T1u 480 – agree on

Lattice A1 430 B2 446 B2 411 Eu (426) order of
and B1 414 A1 429 A1 384 Eu (426) A1 + A2 + B2 + E

O–Si–O
A1 376 E 420 B1 365 X4 (368) A1 + B1 +bending
E 368 A1 364 E 364 X1/X2 380 380 E: Nomodes:
B1 366 B1 342 A1 340 X4 (368) agreementnot RUMs

in either
phase A2 303 A2 314 A2 285 X3 300

B2 285 B2 285 B2 271 X3 286 All agree

E 272 E 267 E 255 X1/X2 276 275 on order of
A1 + A2 +

b-RUMs

A1 231 A1 236 A1 196 X4 233 2B1 + B2

E 129 E 145 E 143 T2u 147 – + E
B1 94 B1 140 B1 111 X4 121
B1 75 B1 94 B1 32 T2u 50
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only the selection rules with data from powdered samples. More-
over, as we note above, not all the modes that are active in either
Raman or IR spectra are observable.

The earliest assignment was attempted by Bates (1972), who
performed an IR and Raman study of cristobalite in both the
b-phase and in the a-phase. The assignment was based upon
analogy to the spectra in quartz. The assumption made was that
modes that were of similar frequency in the two spectra must be
due to the same fundamental vibrational motion. Bates used a
correlation method to correlate the point group of a-quartz, D3, to
that of a-cristobalite, D4, via the common C2 silicon site symmetry
present in both space groups. Unfortunately, the silicon site is of
such a low symmetry (possessing only two representations) that
most unambiguous correlation information is lost. Criticisms of the
method of Bates (1972) have also been made by Etchepare et al.
(1978), although both arrived at very similar assignments (Table 5).

Etchepare et al. (1978) and Cherukuri et al. (1985) have given
assignments that were obtained on a more rigorous basis, using
normal mode calculations with force constant models calculated
for quartz, and comparing the calculated frequency values with the
observed Raman and IR spectra. A further check was incorporated
in the study of Cherukuri et al. (1985) by comparing calculated and
observed mode frequency shifts in pure 28Si- and 29Si-cristobalite.

We have calculated mode frequencies using a model developed
for SiO2 by Sanders et al. (1984). This is an empirical potential that
consists of a Born model for short-range interactions with some
dispersive interactions, formal charges, a shell model for the oxygen
atoms and a harmonic potential to describe flexing of the O–Si–O
angles. Our calculations are compared with those of Cherukuri
et al. (1985) and Etchepare et al. (1978) in Table 4, where the mode
assignments from each potential is listed in order of their calculated
frequency. The modes are also separated into ‘‘bands’’ of fre-
quency-separated groups with similar broad characteristics (e.g.,
‘‘anti-symmetric T–O–T stretch’’).

The compatibility between individual modes in the b- and
a-phases was determined in the following manner. The decompo-
sition of the modes at the C-points (Eqs. 2–5) of both phases was
determined using the correlation method (Fateley et al. 1972), and
that of the X-point of the b-phase was determined using the sym-
metry analysis program GROUP (Warren and Worlton 1974). This
program outputs a character table with numbered representations.

It was possible to correlate these to specific symmetries using
published character tables and other knowledge such as the sym-
metry of the acoustic modes and the total decompositions
(Eqs. 2–6) at these points in the Brillouin zone.

With the method outlined above it was then possible to assign
modes in both the a- and b-phases, using the known compatibility
relationships of Table 3. The lattice dynamic calculations were
repeated for a-cristobalite, artificially changing the value of the
order parameter, Q (as defined by Schmahl et al. 1992), continu-
ously towards a value of zero, taking into account the large change
in lattice parameters through the transition. This artificially made
the transition continuous and, by tracking the change in calculated
frequency of each assigned C-point mode in the a-phase as it
changed into the b-phase, it was possible to determine the indi-
vidual compatibility of each C-point mode in the a-phase with
C- and X-point modes in the b-phase. This is necessary since, e.g., a
B1 mode in a-cristobalite can transform to T2u, T2g or X4. In most
cases the assignments of the IR- and Raman-active modes in each
phase agree with those of Cherukuri et al. (1985) and Etchepare
et al. (1978).

The natural division of the modes in Table 4 in silica into fre-
quency-separated ‘‘bands’’ with broad similarities, e.g., symmetric
T–O–T stretching, aids comparison. One can see that within
‘‘bands’’, e.g. the antisymmetric and symmetric T–O–T stretches,
the global compatibility relationships in Table 3 appear to have
translated into reasonable individual compatibilities: all anti-sym-
metric T–O–T stretch modes in the a-phase transform to anti-
symmetric T–O–T stretch modes in the b-phase without having to
resort to unreasonable hybridization across bands.

The agreement between the three potentials is generally rea-
sonable, although some large disagreements are present, in par-
ticular in the internal T–O–T stretch modes (Table 4). One can see
that, in general, although the specific calculated frequencies differ,
the external modes (below ca. 650 cm)1), when placed in order of
frequency, agree very well, particularly between our calculations
(‘‘Sanders’’ in Table 4) and those of Cherukuri et al. (1985). There
are some uncertainties that cannot be resolved:

� The ambiguities of the Raman modes at 368 cm)1 arise from
the fact that the two candidate assignments, A1 and B1, are
correlated to the same mode, X4, in the b-phase. This mode is

Table 5 Comparison of various
assignments of infrared and
Raman-active modes in a-cris-
tobalite. Here the observations
(from the same sources as
Table 4) are ordered in terms of
observed frequency

Observations Assignments

IR Raman Sanders Cherukuri Etchepare Bates

1196 1193 E (B2) or E El or B1 or B2

1188 B2

1144 A2

1100 E E El

1086 B1 or A1

1076 A1 or B1 A1 A1 A1

798 796 E E Et El

785 B1 B1 or B2 El Et

625 E E A2 A2

495 A2 A2 A2 A2

480 485? E E Et +El Et +El

426 A1 or B2 A1 A1 A1

380 380 E E Et Et

368 A1 or B1 A1 or B1 B1 B1

300 A2 A2 A2

286 B2 B2 Et + El Et + El

276 275 E E B1 or B2 B1 or B2

233 A1 A1 A1 A1

147 E E E Et + El

121 B1 B1 E Et + El

50 B1 B1
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double-degenerate in the b-phase, yet only one is seen in the
spectra of the a-phase.

� The ambiguities of the Raman modes at 426 cm)1 also arise
from a splitting of a two-dimensional mode, Eu, in the b-phase
into two one-dimensional modes, A1 and B2, of which one is
apparently silent.

� The two modes at 1076 and 1086 cm)1 both have the same
double-degenerate parent mode in the b-phase, X4, and it is not
possible to say which of these is A1 and B1 in the a-phase.

The other assignments are, we believe, unambiguous.

Results

Infrared data

The temperature dependence of the FIR (in the range
200–650 cm)1) and MIR spectra (over the range 550–
900 cm)1) are shown in Figs. 2 and 3, respectively. The
FIR spectra at low temperatures contain three sharp
peaks corresponding to the 300 cm)1 (A2 « X3),
380 cm)1 (E « X1/X2) and 625 cm)1 (E « X1/X2)
modes, and one large structured peak at low tempera-

tures which contains the 480 cm)1 (E « T1u) and
495 cm)1 (A2 « T1u) modes. At high temperatures the
only remaining peak is the T1u mode at 500 cm)1.
Figure 3 shows two sharp peaks in the range displayed
at 625 cm)1 (E) and 797 cm)1 (E). Another sharp peak
occurs at higher energies at 1196 cm)1 (E) modes, and
one structured peak containing the 1100 cm)1

(E « T1u) and 1144 cm)1 (A2 « T1u) modes. We have
not shown these internal modes in Fig. 3, but we refer
the interested reader to the diffuse reflectance and
emission spectra of Finnie et al. (1994). At high tem-
peratures the only remaining peaks are the broad peaks
at 797 and 1100 cm)1.

Most of the peaks show no unusual behaviour.
Figure 4 shows the frequency and FWHM of the modes
near 790 cm)1 as a function of temperature, whose be-
haviour is quite complicated. Figure 5 shows the
behaviour of two modes which transform to zone-
boundary modes in the b-phase. Near Ttr, both show
anomalies in behaviour. Both show a gradual rather
than a sudden, decline in intensity, In addition, other
anomalies are present. In the case of the 300 cm)1

(A2 « X3) mode (Fig. 5a) it appears most pronounced
in the behaviour of the frequency, whereas in the case of
the 625 cm)1 (E « X1/X2) it is the FWHM (Fig. 5b).

Raman data

Prior to heating, several scans were taken at room
temperature, as the signal was much stronger than when
the sample was in the furnace. This allowed the obser-
vation of some of the weaker modes. We observed modes
at 114 cm)1 (B1 « X4), 231 cm)1 (A1 « X4), 275 cm)1

(E « X1/X2), 286 cm)1 (B2 « X3), 418 cm)1 (A1/B2 « Eu),
785 cm)1 (B1 « T2g), 1083 cm)1 (B1 « X4) (very broad,
see below) and 1188 cm)1 (A1 « X4) cm

)1 at room
temperature, out of the furnace. All these modes are
clearly shown in the spectra of Bates (1972). We
also observed a very low-frequency mode on the
Rayleigh wing, which has been reported by Sigaev et al.

Fig. 2 FIR spectra of cristobalite in the range 200–650 cm)1 through
the transition. The 625 cm)1 mode is visible due to the overlap with
the MIR source. The 300 cm)1 mode, of A2 symmetry, disappears
above Ttr

Fig. 3 MIR spectra of cristobalite as a function of temperature in the
range of 550–900 cm)1. There is considerable broadening of the mode
near 797 cm)1 above Ttr

Fig. 4 Temperature dependence of the frequency and FWHM of the
IR-active modes in the vicinity of 790 cm)1
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(1999) at 50 cm)1. The data of Bates (1972) suggest that
the two high-frequency modes are both doublets – see
Table 4.

For the heating runs the scanning region was con-
fined to 20–520 cm)1, as only the 114 cm)1 (B1 « X4),
231 cm)1 (A1 « X4) and 418 cm)1 (A1/B2 « Eu) modes

were sufficiently strong that they could be followed when
the sample was in the furnace. The spectra obtained are
displayed as a function of temperature in Fig. 6, where
all three modes disappear in the b-phase. Because of
problems with fluorescence, the background of the
spectra varied greatly, so that quantitative comparison
of the mode intensities was not attempted.

The temperature dependence of the frequencies and
FWHM of the 114 cm)1 (B1 « X4), 231 cm)1

(A1 « X4) and 418 cm)1 (A1/B2 « Eu) modes are
shown in Fig. 7. All three modes soften as the framework
becomes less distorted on heating towards Ttr. Palmer
et al. (1994) observed that these three modes increase in

Fig. 5 a Temperature dependence of the frequency and intensity of
the 300 cm)1 A2 « X3 mode. b Temperature dependence of the
integrated intensities and FWHM of the 625 cm)1 E « X1/X2 mode

Fig. 6 Raman spectra of cristobalite as a function of temperature in
the region of 20–520 cm)1

Fig. 7 Temperature dependence of the frequencies and FWHM of the
Raman-active 114 cm)1 (B1 « X4), 231 cm)1 (A1 « X4) and
418 cm)1 (A1/B2 « Eu) modes
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frequency as pressure is applied and the framework be-
comes more distorted. The largest change in frequency is
for the 114 cm)1 (B1 « X4) mode.

Discussion

Comparison of the spectra of the a- and b- phases

The interpretation of the temperature dependence of the
IR and Raman spectra needs to be approached with
some care. Taking our data and the Raman data of
Bates (1972), we find that the modes at 121 cm)1

(B1 « X4), 233 cm)1 (A1 « X4), 275 cm)1 (E « X1/X2),
286 cm)1 (B2 « X3), 300 cm)1 (A2 « X3), 380 cm)1

(E « X1/X2), 426 cm)1 (A1/B2 « Eu), 625 cm)1 (E « X1/X2),
1188 cm)1 (B2 « A2u) and 1196 cm)1 (E « X1/X2)
vanish completely in the Raman and IR spectra on heat-
ing into the b-phase. These modes are all expected to
vanish due to two reasons. First, some of these modes
transform to a C-point representation that is inactive
in the b-phase, e.g., the 1188 cm)1 mode changes from
the Raman-active B2 in the a-phase to the silent repre-
sentation A2u in the b-phase. Second, half of the
zone centre modes in the a-phase will become X-zone
boundary modes in the b-phase, e.g., the mode at
625 cm)1 changes from E symmetry in the a-phase to
X1/X2 in the b-phase.

The modes in the a-phase at 785 cm)1 (B1) and
797 cm)1 (E) remain in the Raman spectra of the
b-phase as they combine to form the Raman-active T2g

mode, reported at 777 cm)1 by Bates (1972).
The pairs of modes in the IR spectra of the a-phase at

480 cm)1 (E) and 495 cm)1 (A2), and at 1100 cm)1 (E)
and 1144 cm)1 (A2), combine to form the two IR-active
T1u modes in the b-phase. However, the frequencies of
the combining pairs remain different due to LO/TO
splitting. The 1100 cm)1 (E) mode becomes the trans-
verse component of the T1u mode in the b-phase, and is
expected to remain IR-active in this phase as observed.
The 1144 cm)1 (A2) mode, which appears as a shoulder
on the peak at 1100 cm)1, becomes the corresponding
longitudinal component of the T1u mode in the b-phase.
In absorption/transmission experiments the LO (higher
frequency) component ought to be invisible, but can
often be seen as a result of reflectance from some of the
small grains in the sample.

Temperature dependence of modes

Soft modes

The transition pathway described below proposes that
X4 ) A1 + B1, so the soft modes should be observable
in the Raman spectra of the a-phase. One of the low-
frequency B1 modes must be one component of the soft
mode. From our mode assignments, we find that the soft
modes in the a-phase are the 231 cm)1 (A1 « X4) and

121 cm)1 (B1 « X4) modes – the assignment of the
231 cm)1 (A1 « X4) soft mode agrees with the eigen-
vector calculations of Etchepare et al. (1978). Neither
the 231 cm)1 (A1 « X4) nor the 121 cm)1 (B1 « X4)
modes are RUMs in the a-phase. These frequencies may
at first sight appear to be large for soft modes, but it is
worth noting that in quartz the frequency of the soft
mode is about 207 cm)1, and even in this much less
discontinuous system the mode does not soften com-
pletely (Shapiro et al. 1967). From Table 4 we see that
there is another B1 mode at a calculated frequency of
32 cm)1. This has been observed recently (Sigaev et al.
1999) at 50 cm)1. We believe that this mode is the B1

RUM (Table 2), which becomes degenerate with the
147 cm)1 E mode (Table 3) to become the T2u optic
RUM in the b-phase (Table 1).

Hard modes

Mode coupling

The frequencies of the hard phonon modes can vary
with order parameter, Q, in two ways: a singlet mode
(and a mode which remains double-degenerate in both
phases) will change frequency as Dx � Q

2

to lowest or-
der, and a degenerate mode, which loses its degeneracy,
as dx � aQ + bQ

2

, where a can be zero or non-zero
depending on symmetry constraints. Each mode has its
own unique coupling constants, so that some modes may
show stronger temperature dependence than others.
Since the temperature dependence of Q is already known
from neutron powder diffraction data (Schmahl et al.
1992), we have not attempted to use the spectroscopy
data to determine the temperature dependence of Q
again. Also, there are not enough data in the high-
temperature phase to enable us to determine frequency
changes of the required accuracy, since most of the
phonon peaks vanish above Ttr.

The IR-active 625 cm)1 (E « X1/X2) mode has a
relatively large change in frequency with temperature
(Fig. 5b). This mode remains double-degenerate in both
phases and its behaviour is expected to follow the same
behaviour as for the singlet modes described above
(Dove 1993; Petzelt and Dvorak 1976a). Indeed, the
temperature dependence of the frequency is consistent
with a low-order expansion in Q. The same is also true
of the Raman-active 426 cm)1 (A1/B2 « Eu) mode,
which follows the expansion for a mode that splits in the
low-symmetry phase.

The behaviour of the IR-active 300 cm)1 (A2 « X3)
mode is more complicated. Here we discuss the region
away from the ‘‘transition region’’ (500–550 K), which is
discussed in more detail in the next section. This mode
also has a relatively large change in frequency on cooling.
We associate this mode in the a-phase as the higher-fre-
quency component of a split mode (Table 4), the other
component being the weak Raman-active 286 cm)1

(B2 « X3) mode observed by Bates (1972). It may be

361



expected that this mode would increase in frequency on
cooling, whereas from Fig. 5a we can see that it actually
decreases in frequency on cooling, below ca. 500 K. For
a mode which loses its degeneracy (in this case the two-
dimensional X3 mode), a form such as dx ¼ xA2

� xB2
¼

aQþ bQ2, with a > 0 and b < 0, is expected (Petzelt
and Dvorak 1976a,b, Dove 1993). For various values of
a, b the following special cases may be observed:

� For small Q the B2 mode will have the larger fre-
quency, and the difference in frequencies will increase
on cooling.

� However, when Q ¼ )a/2b the frequency splitting is a
maximum, and as Q increases on further cooling the
splitting will decrease again.

� If we could cool to Q ¼ )a/b the two frequencies
would be the same, and at larger values of Q the A2

mode would have the larger frequency.

Our data are consistent with this picture of splitting, if
over the temperature range from 0 K to Ttr, Q exists
between )a/b and )a/2b, so that the A2 mode has a
higher frequency than the B2 mode, but on cooling (in-
creasing Q) the two frequencies become closer, leading
to a decrease in the frequency of the A2 mode. This
behaviour has been previously observed in the phase
transition in the molecular crystal sym-triazine (Rae
1982; Ewen and Dove 1983). Further, detailed mea-
surements of the temperature dependence of the Raman
spectrum of the weak B2 mode would confirm or refute
this explanation.

The effect of coexistence on mode intensity,
frequency and linewidth

The cristobalite transition is highly first-order: a typical
Landau picture of a first-order transition is shown in

Fig. 8, where G(Q) represents the Landau free energy as
a function of order parameter, Q. In cristobalite, the
first-order step DQ at Ttr is about 60% of the saturated
value of Q at 0 K (Schmahl et al. 1992). One may
therefore expect large jumps in the behaviour of the
inelastic spectra of cristobalite through the transition
region. However, it is apparent that many of the features
seen in the IR and Raman spectra are much smoother
than would be expected from Fig. 8a. These effects are
not primarily caused by temperature gradients, but by
coexistence. As one is measuring the average across
many grains, the inelastic measurements ref lect an av-
erage measure of structural state of the whole sample.
Coexistence in the transition region therefore affects
what is measured dramatically.

Coexistence of a- and b-cristobalite is a natural
outcome of the first-order nature of the transition.
Coexistence has been previously observed in neutron
and X-ray powder scattering (Schmahl et al. 1992),
DSC (Schmahl 1993) and NMR (Spearing et al. 1992;
Philips et al. 1993). One form of coexistence takes place
within a single grain: distinct regions of a-phase coexist
with regions of b-phase. Krisement and Trömel
(1959a,b) estimated the transition time for a single grain
to be less than 0.1 s from optical observations. This is
similar to the situation in certain athermal martensites,
where rapid transition times make direct observation of
coexistence impossible. In such cases the only evidence
for coexistence of a- and b-forms within a single grain is
the retention of trapped b-phase, which has been re-
ported in cristobalite (Nord 1994). However, it has also
been observed that different grains of cristobalite have
different Ttrs (Krisement and Trömel 1959a,b) so that
macroscopic coexistence also occurs between grains.
This form of coexistence has the greatest temperature
range. The different Ttrs may be due to different residual
stresses/defects in the grains requiring a different driving
force for transition which can renormalize Tc for each
grain. A variety of Ttrs have also been reported in
cristobalite as a function of temperature of formation,
which explains the very different values of Ttr reported
through the literature (for review, see, e.g., Sosman
1965).

The phenomenon of coexistence can be described in
the Landau formalism by Fig. 8a and b. On heating,
the system reaches the state where a-(Q „ 0) and
b-cristobalite (Q ¼ 0) are in equilibrium at T1 (Fig. 8b).
At this point some of the grains may transform, but
there is an activation energy to overcome. The Q „ 0
minimum persists as a local minimum up to T2, at
which point it disappears, and all the grains have
transformed to b-cristobalite. In the region (T1,T2) a
proportion of the cristobalite grains can remain
metastably in the a-form, giving rise to a variety of
observed Ttrs, even if all the grains had the same
potential and Tc. If, as suggested above, there is, in
addition, a distribution of Tcs across the grains, the
coexistence region is further smeared out over a wider
temperature interval.

Fig. 8 a Diagram of order parameter, Q, versus temperature, T, of a
first-order transition and b of Landau free energy, G, versus order
parameter, Q, as a function of temperature
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Intensity

Figure 5 appears to be consistent with coexistence in the
range of ca. 500–550 K. For T < 500 K, well below the
transition region, the intensities of such modes vary due
to changes associated with the transition in the structure
factor of the modes. While there is no sudden decrease to
zero intensity there is a smooth change in slope above
500 K, which is indicative of coexistence, particularly in
the 300, 625 and 797 cm)1 modes. As the proportion of
cristobalite existing in either a- or b-forms will vary
smoothly with temperature, a smooth decrease in the
intensity of these modes is observed.

Frequency

Coexistence is correlated with a continuous change in
mode frequency for these modes through this tempera-
ture range (Fig. 5). For grains sharing an identical po-
tential (and therefore Tc) those grains that remain
untransformed above T1 continue to change state (Q), as
shown by Fig. 8, at which point they jump to the
b-phase and cease to contribute to the signal. Again, this
can be further affected by the persistence of other grains
with slightly different potentials (higher Tcs).

Linewidth

Above about 480 K the linewidth of the IR-active
625 cm)1 (E « X1/X2) mode apparently begins to de-
crease on heating. This is opposite to normal behaviour,
as anharmonicity generally increases with temperature.
This does not appear to be an artifact induced by fitting
to a mode of declining intensity, as at ca. 500 K, where
this effect begins, the intensity has dropped to only 80%
of that seen at room temperature (Fig. 5b). A similar,
although less pronounced effect, was observed in the
300 cm)1 (A2 « X3) mode. The effect is clearly associ-
ated with the coexistence region. One possibility is if
different grains have different Tcs, and therefore differ-
ent non-zero values of Q at the same temperature. As
temperature increases and progressively more grains
transform to the b-phase, becoming silent in the IR, the
distribution of different Q-states at any temperature
sharpens, resulting in narrower absorption bands. Such
an explanation would be consistent with a continuous
narrowing of the modes in the transition region until
they disappear.

Anomalies in the b-phase

We noted above that there are peaks in both the Raman
and IR spectra of the b-phase that are expected to be
absent by symmetry: the mode at 1076 cm)1 in the
Raman spectra and the mode near 789 cm)1 in the IR
spectra. The width of the 789 cm)1 IR mode in the

b-phase, shown in Fig. 4, is of the order of 60 cm)1 at
600 K.

It is tempting to suggest that the mode near 789 cm)1

in the b-phase is a ‘‘forbidden mode’’ directly related to
the 797 cm)1 E « T2g fundamental in the a-phase,
perhaps suggesting that b-cristobalite is made up of
a-domains. However, as discussed earlier, in the case of
quartz such arguments for forbidden modes were made
early on and shown to be false. Instead, it is likely that it
is not a fundamental. The strongest argument against a
forbidden mode is that if it were a persistent E-mode
from domains of a-cristobalite then the modes seen in
the b-phase in both the Raman and IR would be ex-
pected to have the same frequency. This is indeed the
case in the a-phase (Table 4 in Bates 1972): Bates reports
the Raman frequency at 77 K as 796 ± 1 cm)1 and we
find it in the IR at 797 cm)1 at this temperature. How-
ever, Bates reports a mode in Raman spectra of the
b-phase at 777 cm)1 at 551 K, whereas we see that in the
IR it is closer to 788 cm)1 at this temperature.

Finnie et al. (1994) have suggested it is a two-phonon
combination band involving the coupling of the
777 cm)1 Raman-active T2g mode with the lowest fre-
quency T2u mode. This is the optic zone-centre RUM in
the b-phase. This appears to be a likely explanation as:

� The symmetry is correct. The two-phonon combina-
tion band would have the symmetry of
T2g ˜ T2u ¼ A2u + Eu + T1u + T2u. Since this
contains T1u it may be IR-active (Alpert et al. 1970).
However, as it does not contain T2g, this should not
be visible in the Raman spectra.

� The frequency is approximately correct. The fre-
quency of the T2u RUM in the b-phase is not known.
However, in the a-phase it splits into a non-RUM
E-mode and the RUM B1 mode, reported at 50 cm)1

at room temperature (Sigaev et al. 1999). In general,
the frequency of a combination band is slightly lower
than the sum of the two contributing modes (Alpert
et al. 1970). We can therefore put a lower bound on
the frequency of the T2u RUM at 551 K of
‡ 11 cm)1.

In summary, in the IR, the ‘‘mode’’ in the 797 cm)1

region is a single-phonon E-mode in a-cristobalite,
which appears to be ‘‘replaced’’ by a two-phonon pro-
cess, T2g ˜ T2u, above Ttr. In the Raman, the mode seen
near this region is the E « T2g one-phonon funda-
mental. This E « T2g Raman mode at 777 cm)1 and the
T2u RUM are the ‘‘parent’’ excitations of the combina-
tion band seen in the IR spectra of the b-phase.

The two-phonon 797 cm)1 mode is very broad
(Fig. 6). It is quite likely that the large widths arise
simply from strong anharmonic interactions, consistent
with the width varying linearly with temperature.

The 1078 cm)1 mode observed in the Raman spectra
of the b-phase may also be due to a higher-order pro-
cess, as there are no T2g modes in the antisymmetric
stretch region (Table 4). It is also fairly broad, as was
demonstrated by Bates (1972).
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There is also an extremely broad feature at 267–
292 cm)1 reported by Bates (1972) in the Raman spectra
of the b-phase. This was not reported by Etchepare et al.
(1978), and not observed by us, so we offer no expla-
nation.

Anomalies in the a-phase

There is also at least one possible two-phonon process
in the IR spectra of a-cristobalite. The broad band
near 500 cm)1 (Fig. 2) contains the A2- and E-modes,
but there is a distinct shoulder at room temperature on
the low side (ca. 440 cm)1) that broadens and disap-
pears on heating. This is in the correct frequency range
for a combination of the 147 cm)1 E-mode and the A2

mode at 303 cm)1. The direct product of these modes
is also E. Since this is both IR- and Raman-active, one
might expect it in both spectra. Unfortunately,
E-modes are weak in the Raman spectra (Etchepare
et al. (1985)) and this lies on top of the suggested
position for a B2 mode by Cherukuri et al. (1985), it-
self in the tail of a third mode, the 426 cm)1 (A1/
B2 « Eu) Raman mode. It is therefore very difficult to
test unambiguously.

When phonon linewidths arise solely from lowest-
order anharmonic interactions, they should show a lin-
ear temperature dependence that extrapolates to zero
width at 0 K (neglecting quantum effects). In the Raman
spectra, the linewidths are consistent with such an ex-
trapolation, within error. The saturation at a width of
20 cm)1 seen in the 797 cm)1 (E « T2g) mode
throughout the a-phase is extremely unusual. Two pos-
sible explanations come to mind:

� It is due to the grain size of the sample. That such
broadening is observed in only one mode is evidence
against this. Measurements were performed on sam-
ples ground for 5, 10 and 20 min. No significant effect
was seen in the FWHM,

� This mode may consist of two overlapping modes
appearing as one at all temperatures in the a-phase.
Table 4 shows an IR-active A2-mode at a calculated
frequency of 822 cm)1 and IR-active E-mode at
821 cm)1. The calculated data of Cherukuri et al.
(1985) show a much greater splitting of about
60 cm)1. This seems an unlikely explanation, but we
are unable to offer any other at this time.

Conclusions

We have presented IR and Raman spectra of a- and
b-cristobalite as a function of temperature through the
phase transition in much finer temperature intervals
than has been published before. The compatibility
between X- and C-points of the b-phase and the C-phase
of the a-phase are used to understand the mode assign-

ments in the two phases. The IR and Raman spectra of
the b-phase are sufficiently different from the a-phase for
it to be difficult to invoke well-defined a-domains as a
model for b-cristobalite.

The region near 777–797 cm)1 in the IR and Raman
spectra of a- and b-cristobalite is complicated. The IR
‘‘band’’ in this region is a one-phonon mode in the
a-phase which is replaced by a two-phonon process in
the b-phase, as first suggested by Finnie et al. (1994).
The mode that appears in the Raman spectra of the
b-phase at ca. 777 cm)1 is one parent of this two-pho-
non process in the IR.

The rather smooth reduction in intensity, narrowing
of linewidths and smooth variation in intensity of some
of the IR-active modes that disappear in the b-phase
seem to be consistent with coexistence and a spread in
the values of Tc between grains.
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